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MicroRNAs (miRNAs) are a class of 20–23 nucleotide small RNAs that regulate gene
expression post-transcriptionally in animals and plants. Annotation of miRNAs by the
miRNA database (miRBase) has largely relied on computational approaches. As a result,
many miRBase entries lack experimental validation, and discrepancies between miRBase
annotation and actual miRNA sequences are often observed. In this study, we inte-
grated the small RNA sequencing (smRNA-seq) datasets in Caenorhabditis elegans and
Drosophila melanogaster and devised an analytical pipeline coupled with detailed manual
inspection to curate miRNA annotation systematically in miRBase. Our analysis reveals 19
(17 .0%) and 51 (31.3%) miRNAs entries with detectable smRNA-seq reads have mature
sequence discrepancies in C. elegans and D. melanogaster, respectively.These discrepan-
cies frequently occur either for conserved miRNA families whose mature sequences were
predicted according to their homologous counterparts in other species or for miRNAs
whose precursor miRNA (pre-miRNA) hairpins produce an abundance of multiple miRNA
isoforms or variants. Our analysis shows that while Drosophila pre-miRNAs, on average,
produce less than 60% accurate mature miRNA reads in addition to their 5  and 3  variant
isoforms, the precision of miRNA processing in C. elegans is much higher, at over 90%.
Based on the revised miRNA sequences, we analyzed expression patterns of the more
conserved (MC) and less conserved (LC) miRNAs and found that, whereas MC miRNAs
areoftenco-expressedatmultipledevelopmentalstages,LCmiRNAstendtobeexpressed
speciﬁcally at fewer stages.
Keywords: microRNA, deep sequencing, database curation
INTRODUCTION
MicroRNAs (miRNAs) are a class of small RNA molecules that
mediate post-transcriptional regulation of gene expression by
pairingwithcomplementarysitesonmRNAtranscripts(reviewed
by Carthew and Sontheimer, 2009). The typical size of mature
miRNA sequences ranges from 20 to 23 nucleotides, produced
from precursor miRNAs (pre-miRNAs) containing characteris-
tic hairpin structures. For the past 8years, the public miRNA
database (miRBase) has been dedicated to collecting and anno-
tating miRNAs for all biological species (Grifﬁths-Jones, 2004;
Grifﬁths-Jones et al., 2006, 2008). During the past 2years, the
total number of registered miRNAs in miRBase has increased
from 6,306 in release 11.0 to 14,197 in the current release 15.0
(http://www.mirbase.org). This dramatic expansion of newly dis-
covered miRNAs is largely a beneﬁt of the adoption of next-
generation high-throughput sequencing technology. Hence,there
arecurrentlythreemainsourcesof miRNAcollection:experimen-
tally cloned miRNAs with functional validation collected from
the published literature; homologous miRNAs identiﬁed from
sequence alignment but lacking experimental veriﬁcation; and
miRNAsdirectlycapturedbysmallRNAsequencing(smRNA-seq)
platforms. In fact, the majority of miRNA entries recently added
to miRBase have been identiﬁed by the latter two methods,which
principally rely on computational predictions of stem-loop struc-
tures for candidate miRNA loci screened from sequence align-
mentsorsmRNA-seqresults(Hofackeretal.,1994).Afundamen-
tal concern raised by miRBase users is the reliability of computa-
tionallypredictedmiRNAs,especiallytheaccuracyof theirmature
sequences. For example, sequence alignment-based prediction is
unabletodeterminepreciselythematuresequencesbecausesubtle
differencesinoneortwonucleotidesusuallyexistbetweenmiRNA
homologs. For example, the mature sequence of let-7, a highly
conserved miRNA in animal species, is one nucleotide longer in
Caenorhabditiselegans thaninDrosophilamelanogaster (FigureS1
in Supplementary Material).
Discrepancies between predicted and actual miRNA sequences
were frequently found among miRNA families containing mul-
tiple members, whose mature sequences may be either identical
(denoted by a numbered sufﬁx) or slightly different (denoted by
a lettered sufﬁx). For instance, according to the miRBase annota-
tionD.melanogaster mir-2a-1andmir-2a-2haveidenticalmature
sequences derived from the exact same 27 consecutive nucleotides
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of the miRNA arm from each pre-miRNA sequence. However,the
actual mir-2a-1 and mir-2a-2 mature sequences obtained from
smRNA-seq results were found to be different (reviewed by Liu
et al., 2008). Another critical issue is to deﬁne the miRNA arm
(guide strand) and miRNA∗ arm (passenger strand) when a stem-
loop structure for a candidate pre-miRNA is predicted (Ahmed
et al., 2009). In special cases, both miRNA and miRNA∗ strands
are functional (denoted with -5p and -3p based on their loca-
tions in the pre-miRNA), such as mir-iab-4-5p and mir-iab-4-3p
in D. melanogaster. In fact, a potential function of non-degraded
miRNA∗ has recently garnered attention because signiﬁcantly
enriched miRNA∗ strands for certain miRNAs were found in
association with Ago2 in D. melanogaster (Okamura et al., 2009).
Small RNA sequencing data also present a realistic picture of
howmaturemiRNAsareprocessedfromasinglepre-miRNAhair-
pin, in which a heterogeneous combination of miRNA isoforms
or variants are produced in addition to the accurate miRNA and
miRNA∗ sequences (Langenberger et al.,2009). These include the
three types of observed reads: (1) reads derived from the loop
region of pre-miRNA hairpins; (2) isoform variants of the accu-
rate miRNA and miRNA∗ with positional variations at 5  and 3 
ends;and(3)miRNAreadscontainingnon-templatednucleotides
attheir3  ends(Seitzetal.,2008;Langenbergeretal.,2009;Ibrahim
et al., 2010). The variety of heterogeneous miRNA isoforms col-
lectively reﬂects the complexity of the miRNA biogenesis and
metabolism pathways.
The use of high-throughput sequencing provides a way not
only to promptly interrogate miRNA expression and discover new
miRNAs, but also to inspect miRNA processing patterns. Never-
theless,appropriately processing and interpreting the smRNA-seq
data is still a challenge. Because discrepancies between miRBase
and actual miRNA sequences are frequently observed, concerns
havebeenraisedthatanalysisofmiRNAexpressionpatternsmight
be biased when using miRBase sequences directly as a reference to
countsmRNA-seqreads.Therefore,ourprimaryaimistodevelop
a computational pipeline to curate the miRBase annotation sys-
tematically using the integrated smRNA-seq datasets and, upon
careful manual inspection, to rebuild the miRNA expression atlas
for C. elegans and D. melanogaster development.
RESULTS
A SINGLE PRE-miRNA SEQUENCE USUALLY PRODUCES
HETEROGENEOUS miRNA ISOFORMS
The 14th release of miRBase contains 174 and 157 miRNAs in
C. elegans and D. melanogaster, respectively. Based on the mature
miRNA sequences annotated in miRBase, the typical sizes of ani-
mal and plant miRNAs peak at 22- and 21-nt, respectively, while
an equal frequency of 22- and 23-nt miRNAs is observed in C.
elegans. Because authentic miRNAs are usually conserved among
closely related species, we ﬁrst classiﬁed miRNA families into two
groups according to their relative conservation (a method previ-
ously described in Ma et al.,2010). miRNAs that have homologies
outside Hexapoda or Nematoda were termed more conserved
(MC), while those extant only in Hexapoda or Nematoda were
termed less conserved (LC). By this classiﬁcation, miRBase R14.0
contains 38 MC families and 98 LC families in D. melanogaster
and 11 MC families and 146 LC families in C. elegans.
We integrated the smRNA-seq data produced by the modEN-
CODE consortium (GEO accessions and sample descriptions are
showninTable S1 inSupplementaryMaterial).InD.melanogaster,
we compiled a dataset covering developmental stages from early
embryos,late embryos,larvae and pupae as well as the bodies and
heads of male and female adults (Chung et al., 2008; Czech et al.,
2008). For C. elegans we used two datasets, one covering different
stagesof embryonicdevelopmentandtheothercoveringthemain
developmental stages including mixed embryos, L1–L4 larvae,
adult hermaphrodites and adult males (Kato et al., 2009; Stoeck-
ius et al., 2009). After mapping the smRNA-seq reads to the D.
melanogaster andC.elegans genomesandallowingnomismatches
by seqmap (Jiang and Wong, 2008), we examined the genomic
regions of pre-miRNA sequences and found that a miRNA arm
usually produced various small RNA sequences instead of one
mature miRNA sequence, as is found for let-7 (Figure S1 in
Supplementary Material). For miRNA families whose members
possess identical miRNA arm sequences, such as dme-281-1 and
dme-281-2,their miRNA reads are multiply mapped,and it is dif-
ﬁcult to distinguish their correct original pre-miRNAs (Figure S2
in Supplementary Material).
To give an overall picture of how many miRBase annotated
miRNAs show discrepancies with actual sequencing data, we ﬁrst
calculatedtheproportionof smRNA-seqreadswithdifferentsizes
thatmaptopre-miRNAsequences,categorizedbythesizesoftheir
mature miRNA sequences annotated in miRBase (Figure1A).We
next examined if the size of the most abundant miRNA isoform
fromapre-miRNAwasconsistentwithitsmiRBasesizeandfound
that39.6%ofmiRNAsintheMCgroupand35.6%intheLCgroup
exhibit differences in D. melanogaster. In contrast, in C. elegans
the discrepancy is only 0% in the MC group and 10.9% in the LC
group. In terms of the 5  nt, 71.1 and 67.5% of the predominant
miRNA isoforms start with U in D. melanogaster and C. elegans,
respectively (Figure 1B).
To exclude the possibility that the observed discrepancies and
miRNA variants are caused by sequencing errors, we exam-
ined if those miRNA variants can be consistently detected in
all samples. We found that these miRNA variants are not only
abundant but also their proportions remain unchanged at dif-
ferent developmental stages. For instance, the top ﬁve isoforms
of dme-mir-2a-2 exhibit relatively unchanged proportions, even
though the absolute counts of the ﬁve sequences display dif-
ferences of one or two orders of magnitude during Drosophila
development (Figure 1C; Figure S3 in Supplementary Mate-
rial). Additionally, after studying the abundances of 22-, 23-,
and 24-nt isoforms of mir-2a and mir-2b in the 14 samples,
we found that their miRBase annotated miRNA sequences (23-
nt isoforms) were always the lowest at all developmental stages
(Figure S4 in Supplementary Material). This suggests that none
of these four miR-2 members was correctly annotated by miR-
Base, which prompted us to examine the Ago-associated miR-2
isoforms for support. As we expected, while roughly 90% of the
readsinsideAgo1andAgo2werethe24-ntisoformofdme-mir-2a,
the most abundant isoform of mir-2b insideAgo proteins is 22-nt
long (Figures 1D,E). Because such discrepancies are frequently
observed between the miRBase annotation and actual miRNA
reads, we realized the importance of systematically curating the
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FIGURE 1 | Discrepancies between miRBase annotation and the actual
miRNA sequences obtained from smRNA-seq data. (A) Fractions of
different sizes of smRNA-reads mapped on each pre-miRNA sequence. Each
column represents one miRNA sorted by its size based on miRBase
annotated mature miRNA sequence. (B) Fractions of different 5
  nucleotides
of smRNA-reads mapped on each pre-miRNA sequence. (C) Proportions of
ﬁve dme-mir-2a-2 miRNA isoform sequences were consistent in different
developmental stages. (D)The 24-nt dme-mir-2a is the preferential isoform
associated with Ago proteins. (E)The 22-nt dme-mir-2b is the preferential
isoform associated with Ago proteins.
miRBase miRNA sequences and identifying the authentic mature
miRNA isoforms using the combined smRNA-seq datasets.
USING COMBINED smRNA-SEQ DATA TO CURATE miRBase miRNA
SEQUENCES COUPLED WITH NECESSARY MANUAL INSPECTION OF
PRE-miRNA HAIRPIN STRUCTURES
The most common analysis of sequencing-based miRNA expres-
sion proﬁles relies on miRBase annotation, which directly counts
the smRNA-seq reads that match a reference miRNA sequence
identically.YetouranalysisindicatesthatexistingmistakesinmiR-
Base might have biased previous miRNA expression analyses. An
additional complexity is whether miRNA 3  variants should be
includedinthemiRNAexpressionsincethe3  variantspossessthe
intact 5  seed regions as well. We therefore sought ﬁrst to curate
themiRBasemiRNAannotationusingcombinedsmRNA-seqdata
and then to rebuild the miRNA expression proﬁle using revised
miRNA sequences.
To increase the efﬁciency of analyzing the vast amount of inte-
grated smRNA-seq data, we bypassed genome-wide mapping of
all reads. We ﬁrst generated all possible 15-mer to 30-mer short
sequencesfromagivenpre-miRNAsequenceinmiRBaseandthen
searched for their reads from the combined smRNA-seq datasets.
Simultaneously, the repetitive frequencies in those 15-mer to 30-
mer sequences were indexed by mapping them to the reference
genomes. The output of the search is a full report of all miRNA
isoform sequences arising from each pre-miRNA hairpin, with
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the abundance of smRNA-seq reads and the number of mappable
locations in the genome (exempliﬁed in Figure S2 and Supple-
mentary Material). Usually, the short sequence with the highest
sumof readsisconsideredtheauthenticmaturemiRNAsequence,
whilesubsidiarysequenceswithlowersumsaredeﬁnedasisoform
variants. In cases where pre-miRNAs contain identical miRNA
arms, further manual inspection of their hairpin structures was
required. For example, two dme-miR-281 isoforms (5,689 reads
and 1,630 reads) were mapped on both mir-281-1 and mir-281-2
pre-miRNAs,whose miRNA arms are identical but miRNA∗ arms
are different (FigureS2 in Supplementary Material). By matching
the two miR-281 isoforms with the two miR-281∗ sequences, we
foundthattheisoformwith5,680readspairedwiththemir-281-1∗
sequencetoformthecorrectmiRNA/miRNA∗ duplexwithachar-
acteristictwo-nucleotideoverhangatits3  ends,whiletheisoform
with 1,630 reads paired with the mir-281-2∗ sequence (Figure S5
in Supplementary Material). By such means we recognized that
the mature sequences of dme-mir-281-1 and dme-mir-281-2 are
actually not identical, as annotated in miRBase, but have a single
nucleotide shift in their mature sequences. This single nucleotide
variation at the 5  ends may cause dme-mir-281-1 and dme-mir-
281-2 to target different genes because of the difference in their
seed sequences.
MATURE miRNA SEQUENCES ARE MORE PRECISELY DEFINED IN
C. ELEGANS THAN IN D. MELANOGASTER
Overall our analytical pipeline, coupled with detailed manual
inspection to curate miRBase sequences, led to the identiﬁca-
tion of 51 and 19 miRNAs showing discrepancies with actual
miRNA sequences obtained using combined smRNA-seq data
from D. melanogaster and C. elegans, respectively (based on miR-
Base Release 15.0 in April 2010). In D. melanogaster, the cor-
rected miRNAs consist of 10 entries with inconsistent 5  ends,
25 entries with inconsistent 3  ends, and 16 entries with mis-
annotated miRNA and miRNA∗ strands (Figure 2A; Table S2 in
Supplementary Material). In C. elegans,among the 19 miRNAs in
FIGURE 2 | Mature miRNA sequences are more precisely deﬁned in
C. elegans than in D. melanogaster. (A)Three groups of the corrected
miRNAs based on the types of mis-annotated 5
  ends, 3
  ends and the
strands of miRNA and miRNA
∗. (B) Box plots of the percentages of exact
miRNA reads, miRNA
∗ reads, miRNA 3
  and 5
  variant reads mapped
on the pre-miRNA sequences in D. melanogaster and C. elegans.
(C) Percentages of miRNA, miRNA
∗, miRNA 3
  and 5
  variant reads in D.
melanogaster MC and LC miRNAs. (D) Percentages of exact miRNA
∗
reads, miRNA
∗ 3
  and 5
  variant reads in D. melanogaster and
C. elegans.
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disagreement with miRBase, 2 contained inconsistent 5  ends, 7
hadmis-annotatedmiRNAandmiRNA∗ strands,andtheremain-
ing 10 were inconsistent at their 3  ends (Figure 2A; Table S2 in
Supplementary Material). In fact, among the three types of cor-
rectedmiRNAs,mis-annotationsoccurringat5 endsandswapped
miRNA and miRNA∗ strands are likely real mistakes that arose
during computational predictions form iRBase annotation. The
third type of discrepancy, namely miRNA with mis-annotated
3  ends, may partially result from intrinsic miRNA biogenesis
mechanisms such as miRNA remodeling, which involves either
“trimming” or “tailing” (removing or adding nucleotides at the
3  ends)of mature miRNAs after their loading into Ago1 (Ameres
et al.,2010).
It was recently reported for Drosophila that the 5  ends of both
miRNA and miRNA∗ sequences are more precisely deﬁned than
their3  ends(Seitzetal.,2008).ToinvestigatewhetherthemiRNA
isoforms result from inaccurate Dicer processing or downstream
miRNA remodeling, we compared the proportions of smRNA-
seq reads for miRNAs, miRNA∗ and their corresponding 5  and
3  variants in D. melanogaster and C. elegans. In D. melanogaster,
pre-miRNA hairpins on average produced 61% accurate miRNAs,
9.5%miRNA∗s,25%3  variants,and4.5%5  variants(Figure2B).
Incontrast,C.elegans pre-miRNAhairpinsproducemoreaccurate
miRNAs, which on average are 86.2% miRNAs, 4.8% miRNA∗s,
7.8% 3  variants, and 1.2% 5  variants (Figure 2B). We also com-
pared the proportions of those miRNA isoforms between MC and
LC pre-miRNAs in D. melanogaster, but did not ﬁnd any signif-
icant differences (Figure 2C). Additionally, we examined if the
5  ends of miRNA∗s were better determined than their 3  ends
and found that, while on average 71.3% of reads were accurate
miRNA∗ sequences, 20.7 and 8% were 3  variants and 5  variants
of miRNA∗s, respectively (Figure 2D). In C. elegans, the miRNA∗
sequenceswerewelldeﬁnedwithaverysmallproportionof either
3  or 5  variants (Figure 2D).
It is noteworthy that mature miRNA sequences are more pre-
ciselydeﬁnedinC.elegans thaninD.melanogaster,perhapsdueto
differencesintheirmiRNAbiogenesispathways.However,because
both miRNA and miRNA∗ strands are more precisely deﬁned at
5  than at 3  ends, it is not conclusively evident that production
of miRNA 3  variants is the result of better recognition by Dicer
at 5  than at 3  ends. Nevertheless, the abundant 3  variants are
more likely produced after release of miRNA/miRNA∗ duplexes
from pre-miRNA hairpins. Therefore, a more reasonable hypoth-
esis is that the excision accuracy of Dicer has no preference for
either5  or3  ends,butthebetterdeﬁnedmiRNA5  endsarelikely
attributable to downstream pathways. First, the identity of the 5 
nucleotide (usually 5  U) facilitates loading of miRNAs with accu-
rate 5  ends into Ago1 (Mi et al., 2008; Zhou et al., 2008; Czech
et al., 2009), or alternatively, after the miRNA/miRNA∗ duplexes
disassociate within Ago1, trimming or tailing of mature miRNA
3  ends contributes to production of miRNA 3  variants (Ameres
et al.,2010).
DROSOPHILA miR-2 FAMILY MEMBERS CONTAIN DIFFERENT 5 END
SEED REGIONS
Among the corrected miRNAs, we found that conserved miRNA
families containing multiple members have higher rates of
mis-annotation because the homologous members were usually
identiﬁedbysequencealignment.Forexample,miR-2isthelargest
miRNAfamilyinD.melanogaster witheightmembers(Table S3 in
Supplementary Material) and is involved in apoptosis regulation
duringembryogenesis(Leamanetal.,2005).However,ouranalysis
showed that none of the eight members was correctly annotated
in miRBase. For the pre-miRNA sequences of dme-mir-2a-1 and
dme-mir-2a-2, two dominant isoforms of 22- and 24-nt (117,209
reads and 114,924 reads,respectively) were both mapped on their
identical miRNA arms,while the reads mapped on miRNA∗ arms
are different (Figure 3A). Manual inspection of the two hairpins
revealed that the 22-nt isoform and mir-2a-1∗ can properly form
a duplex with a 2-nt overhang, while the 24-nt isoform should
pair with mir-2a-2∗ (Figure3B).We therefore recognized that the
authentic mature miRNAs for dme-mir-2a-1 and dme-mir-2a-2
are the 24- and the 22-nt isoforms, respectively, instead of the
identical 23-nt isoforms annotated in miRBase (Table S2 in Sup-
plementaryMaterial).Ouranalysisconﬁrmedasimilarconclusion
regarding the authentic mature sequences of dme-mir-2a-1 and
dme-mir-2a-2 using a similar method (Liu et al., 2008).
Identiﬁcation of the authentic dme-mir-2c sequence also
required manual inspection. While the most abundant sequence
(8,370 reads) for mir-2c pre-miRNAs was a 20-nt sequence, the
second most abundant was a 22-nt sequence (3,905 reads). Yet,
if we pair mir-2c∗ (452 reads) with the two sequences to form a
correctduplex,the22-ntsequenceturnsouttobethecorrectmir-
2c sequence, while the 20-nt sequence is actually a 3  variant of
mir-2a-1 (Figures 3A,B). For the second pair of miR-2 members
sharing identical miRNA arms, namely dme-mir-2b-1 and dme-
mir-2b-2, manual inspection showed that they indeed have the
samematuresequencebutareonenucleotidelongerthanthemiR-
Base annotated dme-mir-2b sequences (Figure S6 in Supplemen-
tary Material). The third pair of miR-2 members,dme-mir-13b-1
and dme-mir-13b-2 that have two abundant isoforms (22-nt with
69,880 reads and 23-nt with 85,868 reads) both mapped to iden-
tical miRNA arms. However, only the 22-nt isoform can correctly
formaduplexwithmir-13b∗ (FigureS7inSupplementaryMater-
ial).Wehypothesizedthatthe22-ntsequencemightbetheoriginal
miR-13b/miR-13b∗ duplex,while the 23-nt isoform with an extra
UmightbeaproductofmiRNAtailing,possiblycausedbymiRNA
3  end uridylation (Ramachandran and Chen, 2008; Seitz et al.,
2008; Ibrahim et al., 2010). Finally, we found that the miRNA∗
strandof dme-mir-2a-2existsinrelativelyequalamountswiththe
mir-2a-2 miRNA strand across all developmental stages, which is
the only exception among miR-2 family members (Figure3C). To
determineifdme-mir-2a-2∗ isfunctional,weexamineditsassocia-
tionwithAGOs.Surprisingly,althoughbothmiRNAandmiRNA∗
are equally retained in S2 cells,very few mir-2a-2∗ were associated
with Ago1,but a small fraction with Ago2 (Figure 3D).
Thus, the sequence alignment of the revised D. melanogaster
miR-2 family members shows that mir-2a-2 and mir-2c share the
same 7-mer “seed region,” while the remaining miR-2 members
shareadifferentseedsequence(Figure3E).Basedonthecorrected
miRNA sequences, we rebuilt the D. melanogaster miR-2 family
expressionproﬁleandfoundthatdme-mir-2a-1ismostabundant
during embryonic development when compared to other mem-
bers (Figure 3F). Then, we predicted the targets of mir-2a-1 and
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FIGURE 3 | Correction of dme-miR-2 family needs manual inspection of
their miRNA/miRNA
∗ duplexes. (A)The dme-mir-2a-1, dme-mir-2a-2, and
dme-mir-c possess identical miRNA arms, on which the smRNA-seq reads
were multiply mapped.The two numbers in the brackets are the count of
smRNA-seq reads and the count of mapped locations in the genome for each
isoform. (B) For the hairpin structures, we found that the 24-nt mir-2a isoform
paired with mir-2a-1*, the 22-nt mir-2a isoform paired with mir-2a-2*, and
22-nt mir-2c isoform paired with mir-2c
∗ to form the correct miRNA/miRNA
∗
duplexes with 2-nt overhang at 3
  ends. (C)The proportions of the corrected
miRNA and miRNA
∗ strands for each miR-2 member across 14 samples. Each
column represents one sample.The mir-2a-2 is the only exception that have
equal amount of miRNA and miRNA
∗ strands across all the samples. (D) Even
mir-2a-2 and mir-2a-2
∗ both existed in S2 cells, only the guide strands were
associated with Ago proteins. (E)The alignment of corrected miR-2 family
members. (F)The rebuilt developmental expression proﬁle of D.
melanogaster miR-2 family using the corrected miR-2 family sequences.
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mir-2a-2 using PITA (Kertesz et al., 2007).The prediction showed
thatnotonlymir-2a-1andmir-2a-2havedifferenttoptargetgenes
withstrong5  endpairing,butalsomir-2a-2∗ hasatargetpredicted
with strong 17-mer complementarity at its 5  ends (Figure S8
in Supplementary Material), indicating that mir-2a-2∗ associated
with Ago2 may have a regulatory function in a similar fashion to
siRNAs (Iwasaki et al.,2009).
ANALYSIS OF THE miR-6 FAMILY INDICATES THAT CONSERVED
STRANDS ARE NOT NECESSARILY FUNCTIONAL GUIDE STRANDS
In general, deﬁnition of miRNA and miRNA∗ strands is based on
their relative abundances because miRNA strands are retained in
Ago1 but miRNA∗ strands are usually degraded. In our analysis,
we found that another type of error in miRBase is mis-annotated
miRNA and miRNA∗ strands. D. melanogaster miR-6 is a miRNA
family speciﬁcally conserved in Hexapoda that has three members
annotated with identical mature sequences in miRBase. However,
our analysis showed very few smRNA-seq reads arising from miR-
Base annotated miRNA arms,but abundant reads produced from
the opposite miRNA∗ arm (Figure 4A). Because the MC strands
are usually assumed to be guide strands, while the LC are passen-
ger strands,we suspected that the miRNA and miRNA∗ strands of
miR-6weremis-annotated(Figure4B).Ouranalysisrevealedthat
the authentic mir-6-1, mir-6-2, and mir-6-3 miRNA sequences
are actually derived from the LC arms of miR-6 hairpins, which
contained 5  seed sequences differing at the seventh and eighth
nucleotide(Figure4A).Therebuiltexpressionproﬁlebasedonthe
corrected miR-6 sequences shows that the D. melanogaster miR-6
family is speciﬁcally expressed in early embryos, but the levels of
dme-mir-6-3 are signiﬁcantly elevated at 2–6h (Figure 4C).
Since the dme-miR-6 family is not expressed in S2 cells, we
were unable to examine its preferential association with Ago pro-
teins.Alternatively,wetestedwhethertherevisedmiR-6sequences
have any potential to target genes. The target genes of dme-miR-
6-1/-2/-3 were predicted by PITA,and the top sites for each miR-6
member were demonstrated. First, mir-6-1 and mir-6-2 share the
same top target gene (fab1), but localize to different sites of its 3 
UTR (Figure S9 in Supplementary Material). The target site for
mir-6-2infab1exhibitsacanonicalpatternof miRNAinteraction
with its binding site (Figure S9 in Supplementary Material).
Another case showing abundant miRNA∗ reads is D.
melanogaster miR-276a and miR-276b, whose miRNA strands
have a single nucleotide variation but whose miRNA∗ strands
are identical (denoted as miR-276*). While the abundances of
mir-276a and mir-276b are signiﬁcantly different (431,088 reads
vs. 40,021 reads), the highly abundant miR-276*s (227,920 reads)
were the same for the two pre-miRNAs (Figure4D).Additionally,
because the variation between miR-276a and miR-276b occurs in
the center, both can pair with miR276∗ to form correct duplexes
with 2-nt overhangs (Figure 4E). However, examining the pro-
portion of mir-276a,mir-276b,and mir-276∗ revealed a dramatic
changeduringpupalandadultstages,whichdiffersfromthemiR-
2familyforwhichtheproportionof miRNAandmiRNA∗ usually
remainsunchanged(Figure4F).Moreinterestingly,wefoundthat
the mir-276a reads were preferentially associated with Ago1, but
themir-276∗ readswereonlyfoundwithAgo2(Figure4G).There-
fore, a bold hypothesis is that for the mir-276a hairpin, mir-276a
andmiR-276∗ aretherespectiveguideandpassengerstrands,while
for the mir-276b hairpin the roles of the two strands are likely
reversed.
EXAMINATION OF miR-34 INDICATES THAT PRODUCTION OF miRNA 3
VARIANTS IS NOT NECESSARILY CAUSED BY TERMINAL MISMATCHES
OF miRNA DUPLEXES
Since miRNA 3  variants were more frequently observed than 5 
variants, we then focused on explaining the cause of the 3  vari-
ants. An individual miR-34 family member in D. melanogaster
and C. elegans, whose pre-miRNA hairpin produced numerous 3 
variants,wascarefullydissected(Figure5A).Fordme-mir-34pre-
miRNA, the top two isoforms were the 21-nt (350,667 reads) and
22-nt (148,900 reads) sequences, while the third (24-nt; 102,882
reads) is the miRBase annotated miR-34 sequence. In fact,among
these three most abundant isoforms, only the 24-nt miR-34 can
form the correct duplex with highest abundant miR-34*(79,572
reads). Additionally, when we examined miR-34 in other animal
species,D.melanogaster miR-34istheonlyexceptionwhoselength
is 24-nt (Figure S10 in Supplementary Material). At ﬁrst, assum-
ingthatthe3  variantsareproductsofinaccurateDicerprocessing,
we wondered if the hairpin structure,especially the terminal mis-
matches at the miR-34/miR-34∗ duplex, inﬂuences the accuracy
of cutting by Dicer. We then compared the hairpins for dme-mir-
34 and cel-mir-34. In D. melanogaster, a large bubble was indeed
foundatthe3  endofthemiRNAarm,butonlythe25thnucleotide
extended into the bubble, while in the C. elegans miR-34 hairpin
the 3  end of the miRNA arm is two nucleotides away from the
bubble (Figure 5B). Thus, we can hardly conclude that terminal
mismatches of miRNA duplexes cause inaccurate recognition by
D i c e ra t3   ends.
We subsequently examined if miR-34 and its 3  variants are
co-expressed or expressed at different developmental stages. In D.
melanogaster, all mir-34 isoforms are co-expressed at adult stages,
but the 21-nt isoform of dme-mir-34 is always the most abun-
dant(Figure5C).InC.elegans,the21-and22-ntmir-34isoforms
are expressed at equivalent levels from embryonic to adult stages,
but the 22-nt isoform is signiﬁcantly more abundant than its 3 
variant in adult males (Figure 5D). Furthermore, examining the
association of various dme-mir-34 isoforms with Ago proteins
showed that the shorter isoforms of 20- to 22-nt were enriched
with Ago1, while the longer isoforms as well as mir-34∗ were not
found with any Ago proteins even though they are all abundant
in S2 cells (Figure 5E). In fact, our observation of the dominant
21-nt miR-34 isoform might be explained by a recent hypothesis
that the 24-nt miR-34/miR-34∗ duplex is originally produced by
Dicer, but after loading into Ago1, three nucleotides are trimmed
from the 3  end of the 24-nt miR-34 (Ameres et al., 2010).
ANALYSIS OF miRNAS CONTAINING NON-TEMPLATED NUCLEOTIDE
EXTENSION
Another class of miRNA variants found in the smRNA-seq reads
thatareunabletobeperfectlymappedinthegenomearemiRNAs
containing non-templated nucleotides. In plants, the extended
non-templated nucleotides are usually one or two Us occurring
at miRNA 3  ends,which is thought to be the result of uridylation
that subsequently triggers degradation of dysfunctional miRNAs
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FIGURE 4 | Correction of miR-6 family demonstrates the mis-annotated
miRNA and miRNA
∗ strands. (A)The corrected D. melanogaster miR-6
family sequences (red).The miRBase annotated miR-6 mature sequence is
actually the miRNA
∗ sequence (green).The corrected miR-6 members have
distinct 5
  seed sequences differing at seventh and eighth nucleotides. (B)
The hairpin structures of the three members of dme-miR-6 family show the
miRNA
∗ strands are conserved. (C)The expression proﬁle rebuilt based on
corrected mature sequences of miR-6 family. (D)The dme-mir-276a and 276b
contain identical miRNA
∗ arms but different miRNA arms with one nucleotide
variation (marked by blue rectangles). (E) Hairpin structures of dme-mir-276a
and 276b with highlighted miRNA
∗ arm and miRNA arm. (F) Expression
abundance of dme-mir-276a, mir-276b, and their passenger strand mir-276
∗ in
Drosophila development. (G) Mir-276
∗ are preferentially associated with Ago2,
while higher proportion of mir-276a was found in Ago1.
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FIGURE 5 |The 24-nt dme-miR-34 isoform is probably remodeled to
shorter isoforms after its loading toAgo1. (A)The miR-34 pre-miRNA
produces huge amount of miR-34 isoforms in D. melanogaster, and the
24-nt isoform is the miRBase annotated mature sequence. (B)The hairpin
structure of dme-mir-34 shows that only the 24-nt isoform can form the
correct duplex with miR-34*. (C)The miR-34 isoforms co-express during
D. melanogaster development, but the 21-nt isoform is the highest one.
(D)The expression patterns of two miR-34 isoforms in C. elegans are not
signiﬁcantly different. (E) Only 20- to 22-nt dme-mir-34 isoforms are
associated with Ago proteins.
(Ramachandran and Chen, 2008; Ibrahim et al., 2010). In ani-
mals,uridylation of pre-miRNAs and mature miRNAs is reported
to be a pathway for attenuating post-transcriptional repression
(Heo et al., 2008; Jones et al., 2009). High-throughput smRNA-
seq analysis also discovered the universal existence of miRNAs
with non-templated nucleotides in C. elegans and D. melanogaster
(Ruby et al.,2006; Seitz et al.,2008).
Inspired by those ﬁndings, we recycled the unmapped reads
to identify miRNAs containing non-templated 3  end nucleotides,
such as miR-1 in D. melanogaster and C. elegans (Figure6A). The
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FIGURE6|Ua n dAa r et h ep r e f e r ential non-templated nucleotides
added to mature miRNAs. (A) Both D. melanogaster and C. elegans
miR-1 miRNAs contain non-templated nucleotide (marked in blue)
extension at 3
  end.The frequency of the four types of 5
  and 3
  nucleotides
based on corrected authentic miRNA sequences in D. melanogaster
(B) and C. elegans (C). Frequency of the extended non-templated
nucleotide based on the type of the last nucleotide (denoted by a red
rectangle in miR-1 example) and the following nucleotide (denoted
by a blue rectangle in miR-1 example) in D. melanogaster (D) and in
C. elegans (E).
non-templated nucleotide was not seemingly caused by sequenc-
ing mistakes because the smRNA-seq reads for miR-1 with an
additional U (10,940 reads) or A (5,164 reads) were signiﬁcantly
more abundant than those with an additional G (176 reads) or
a longer dme-mir-1 variant with 3  C (413 reads; Figure 6A).
We were then interested in examining if the last and following
nucleotideofmaturemiRNAsinﬂuencethepreferentialtypeofthe
extended non-templated nucleotide. We ﬁrst checked the distrib-
ution of miRNA 5  and 3  end nucleotides based on our corrected
maturemiRNAsequences.Thefrequenciesof thefournucleotides
at 5  and 3  ends are very similar between D. melanogaster and
C. elegans; 70% of the miRNAs begin with a U at their 5  end
and on average 66% begin with either U or A at their 3  end
(Figures 6B,C).
We then examined the correlation between the last nucleotide
type and the non-templated nucleotides. InD. melanogaster,there
is no signiﬁcant difference in terms of adding a non-templated A
when the last nucleotide is any of the four nucleotides, but when
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the last nucleotide is U,a higher chance of adding U was observed
(Figure6D).Wethenexaminedifthefollowingnucleotideatthe3 
end might inﬂuence the type of added,non-templated nucleotide
because the extended identical nucleotide might not be distin-
guishable if it has the same sequence as the miRNA variants. Our
analysisshowedthatif thefollowingnucleotideisU,ithasahigher
chancetoaddanA,whileifitisGthechanceofaddingaUishigher
than adding an A (Figure 6D). In C. elegans, a similar analysis
showed that U is always the dominant nucleotide to be added to
miRNA 3  ends, and the secondary preference is A (Figure 6E).
Overall, C. elegans miRNAs have a higher trend toward adding
non-templated U (64%) than A (32%), while in D. melanogaster
the rate of non-templatedA (51%) is slightly higher than U (42%;
Figure S11 in Supplementary Material).
MORE CONSERVED miRNAs TEND TO BE CO-EXPRESSED AT MULTIPLE
DEVELOPMENTAL STAGES IN D. MELANOGASTER IN CONTRAST TO
LESS CONSERVED miRNAs
Our previous analysis shows that MC and LC miRNAs have no
signiﬁcantdifferencesintermsof precisionatthe5  and3  endsof
miRNA processing. We then wondered if any difference might
exist in their expression patterns using the corrected miRNA
sequences. Because it has been reported that MC miRNAs are
usually expressed at higher abundance in plants, but LC miRNAs
are usually transiently expressed (Fahlgren et al., 2010; Ma et al.,
2010),we ﬁrst examined the absolute expression levels of MC and
LC miRNAs at mixed embryonic stages of D. melanogaster and C.
elegans. We found that all MC miRNAs were expressed at least at
minimum levels during embryonic stages, while many LC miR-
NAs were not detectable, even though the absolute expression
levels are not signiﬁcantly different between MC and LC miRNAs
(Figure7A). We next examined if MC and LC miRNAs are differ-
entially expressed during D. melanogaster development. We ﬁrst
calculated cumulative percentages of MC and LC miRNAs with at
least100reads(minimumexpressionlevel)inseveraldevelopmen-
tal samples. Interestingly, we found nearly 80% of MC miRNAs
areco-expressedduringatleast11developmentalstages,whilethe
same proportion of LC miRNAs are co-expressed during at least
four developmental stages (Figure 7B). The heat maps of miRNA
absolute expression levels and the binary expression statuses also
illustratedthetrendthatMCmiRNAsarepronetobeco-expressed
at most developmental stages but LC miRNAs tend to be specif-
ically expressed at certain stages (Figures 7C,D). In C. elegans,
for which 10 of 11 MC miRNAs showed obvious co-expression
at multiple developmental stages, we did not observe signiﬁcant
developmentally speciﬁc expression patterns among LC miRNAs
(Figure S12 in Supplementary Material).
Finally,wecomparedgenestargetedbyD.melanogaster MCand
LC miRNAs with a stringent cutoff (−20kJ/mol) for the interac-
tionenergybetweenmiRNAsandtargetsitesaspredictedbyPITA
(Kertesz et al., 2007). Interestingly, we found that MC miRNA
families target more genes than LC miRNAs,and MC miRNA tar-
gets contain 2.9 sites on average, while LC miRNA targets contain
1.7 sites on average (Figure 7E). Furthermore, only 20% of genes
are commonly targeted by MC and LC miRNAs (Figure 7F). Our
analysis indicates that expression of the more ancient, conserved
miRNAsspansmostdevelopmentalstagestoestablishtissueiden-
tity, while evolutionarily young miRNAs are usually expressed
transiently and target fewer genes (Christodoulou et al., 2010;
Fahlgren et al., 2010; Ma et al.,2010).
MATERIALS AND METHODS
SMALL RNA SEQUENCING DATASETS
A full list of the D. melanogaster and C. elegans smRNA-seq
datasets produced by the modENCODE project with GEO acces-
s i o ni sp r o v i d e di nTable S1 in Supplementary Material. The
adaptor-trimmedsmRNA-seqreadswereassigneduniqueIDsand
numbers being sequenced. Each dataset for a sample was con-
verted into the FASTA format and is accessible from our website
at http://liulab.dfci.harvard.edu/miRNA.
THE ANALYTICAL PIPELINE TO IDENTIFY AUTHENTIC miRNA MATURE
SEQUENCES
TheD.melanogaster andC.elegans miRNAhairpinsequenceswere
downloaded from http://miRBase.org. Because analysis of miR-
NAsrequiresperfectmatchestothereferencegenome,wetherefore
adopted an alternative way to increase speed and efﬁciency. First,
for each hairpin sequence we generated all possible 15- to 30-
nt short sequences and mapped them to the D. melanogaster
and C. elegans reference genome sequences by bowtie (Lang-
mead et al., 2009) to index their genome-wide repeat frequency.
We then searched the 15- to 30-nt short sequences generated
against the smRNA-seq FASTA ﬁles and calculated the sum of
the smRNA-reads counted from all samples. Hence, for each pre-
miRNA sequence, we output a full report of the miRBase anno-
tatedmiRNAandmiRNA∗ sequences,theactualmiRNAsequence
andthecorrespondingvariantisoformsequencesderivedfromthe
miRNA and miRNA∗ arms. The isoform with the highest sum of
smRNA-seq reads was considered the authentic mature miRNA
sequence, while subsidiary isoforms were considered 5  or 3  end
variants. The smRNA-seq reads located opposite the identiﬁed
miRNA arm were considered miRNA∗s.
CURATION OF THE miRBASE ANNOTATION AND REBUILDING THE
miRNA EXPRESSION PROFILE
As illustrated by the analysis of the miR-2 and miR-6 families,
the sum of the smRNA-seq read counts is not sufﬁcient for iden-
tifying correct miRNA sequences. After excluding any potential
inﬂuencefromtheindexof repeatfrequency,weutilizedRNAfold
topredicthairpinstructuresof ambiguousmiRNAprecursorsand
then matched miRNA and miRNA∗ sequences with smRNA-seq
reads of highest abundance to identify the duplex with a 2-nt
overhang. Based on the structural information for the correct
miRNA/miRNA∗ duplex, we ﬁnally determined the correct form
of the mature miRNA sequences.
Based on the corrected miRNA sequences, we rebuilt the
miRNA expression proﬁles during D. melanogaster and C. ele-
gans developmentafternormalizingtheabsolutesmRNA-seqread
counts to 4 million for each sample. Due to the latest update of
miRBase inApril 2010,we applied our pipeline to the 15th release
of miRBase and the corresponding results are accessible from our
website at http://liulab.dfci.harvard.edu/miRNA.
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FIGURE 7 |The more conserved miRNAs tend to co-express in
multiple developmental stages. (A) Absolute expression abundance
of MC and LC miRNA families in D. melanogaster and C. elegans
mixed embryo samples. Each spot is a miRNA. (B)The cumulative fraction
of D. melanogaster MC and LC miRNA families in the number of
developmental stages. (C)The heat map of D. melanogaster MC and LC
miRNA families across different developmental stages.The absolute
miRNA expression abundances were normalized. (D)The binary
expression status of D. melanogaster MC and LC miRNA families across
different developmental stages. (E)The MC miRNAs in D. melanogaster have
more predicted target sites than LC miRNAs. In this analysis, we selected the
top 30 MC and top 30 LC miRNAs whose abundances are over 1,000
smRNA-seq reads. (F) Only 20% of the total targets of MC and LC miRNAs
are overlapped.
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DISCUSSION
As part of the Analysis Working Group (AWG) of the modEN-
CODE consortium, we integrated and reanalyzed the smRNA-
seq data for D. melanogaster and C. elegans. Using the com-
bined smRNA-seq dataset,we systematically curated the miRBase
miRNA annotation and rebuilt unbiased miRNA expression pro-
ﬁles for D. melanogaster and C. elegans.W ep r o v i d et w os e t so f
miRNAexpressionproﬁlescalculatedintwoways:ﬁrst,theexpres-
sion level for each miRNA is the smRNA-seq read abundance for
the corrected mature sequence itself; second, the expression level
is the sum of both the mature sequence and its 3  variants derived
from the corrected miRNA arm. Abundances were normalized
to the standard sequencing productivity of 4 million reads per
sample. The corrected miRNA sequences and recalculated expres-
sion abundances are available for download from our website at
http://liulab.dfci.harvard.edu/miRNA.
Through our efforts to curate miRNA annotation in C. ele-
gans and D. melanogaster, the importance of global veriﬁcation
for miRBase annotation in all organisms using smRNA-seq data
is highlighted for the miRNA community. Because curation of
miRNA sequences require both computational analysis of large
smRNA-seq datasets and manual inspection of pre-miRNA hair-
pin structures, it is necessary to develop a more automatic and
efﬁcientplatformtominimizehumanefforts.Theplatformshould
integrate the smRNA-seq analysis pipeline, RNA structure visu-
alization and miRNA target prediction tools and will be imple-
mented as a ﬂexible interface so that users may customize their
own analysis for different species and submit feedback to miR-
Baseinreal-timeif mis-annotatedmiRNAsarefound.Inaddition,
the complexity of miRNA biogenesis and metabolism pathways
necessitated incorporation of smRNA-seq information with miR-
Base miRNA sequence annotation to satisfy the broader research
interests in the miRNA community.
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